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Hemp fibre reinforced wheat gluten plastics 
Abstract 
The increasing demand for environmentally friendly materials has ushered in a 
new generation of bio plastics and plant fibre based composite materials. The 
quality of the raw components is very important when manufacturing a bio based 
material. For example, many plant fibres are hygroscopic, which means that 
moisture becomes an important quality determining factor. Therefore, a better 
understanding and knowledge of moisture adsorption equilibrium is of importance. 
The moisture adsorption equilibrium of several different plant fibres is examined 
in paper I. Differences in moisture adsorption equilibrium was found between un-
retted and retted hemp fibres, while differences between varieties were small. 
An example of a renewable composite material, investigated in this thesis, is a 
wheat gluten plastic reinforced with hemp fibres. Paper II shows the effect of 
hemp fibre reinforcement on the mechanical properties of a wheat gluten based 
plastic film. Different fibre contents and fibre quality levels were tested. It was 
found that the fibres did improve the mechanical properties of the plastic and that 
fibre content was the most important factor in creating a stronger material. 
However, there were problems encountered with regards to fibre distribution in the 
material, poor adhesion between the fibres and plastic and a large variation in the 
material properties. 
In paper III, we attempted to improve the fibre distribution by using a high 
speed grinder to mix the fibres and the plastic. Further a diamine was used as a 
cross linker between the fibres and the plastic to improve the bonding. It was 
found that the grinder did improve the fibre distribution but not sufficiently to 
avoid clusters of fibres. The diamine did not improve the interaction between the 
fibres and the plastic but it did strengthen the plastic itself to a certain degree. 
It is concluded that hemp fibres can be used to improve the mechanical 
properties of wheat gluten plastics. However, the fibre distribution and interaction 
with the plastic needs to be much improved. A possible solution for the fibre 
distribution problem might be to decrease the viscosity of the wheat gluten dough 
while the fibre-plastic interaction might be improved by selecting a different cross 
linking substance.  
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Abbreviations 
CLSM  Confocal laser scanning microscopy 
EMC  Equilibrium moisture content 
HDPE High-density  polyethylene 
HMW  High molecular weight 
NaOH Sodium  hydroxide 
Pa·s Pascal  second 
PE Polyethylene 
PGA Polyglycolic  acid 
PHB Polyhydroxybuturate 
PLA  Polylactic acid 
PP Polypropylene 
PS Polystyrene 
PVC Polyvinyl  chloride 
SE-HPLC  Size-exclusion high-performance liquid chromatography 
SEM  Scanning electron microscopy 
WG Wheat  gluten Background 
Depletion of petroleum resources, together with increasing environmental 
concerns, calls for new solutions for many of our needs such as fuels, 
heatings, materials, technical oils etc (e.g. Winandy, 2006). Natural 
friendly, bio-solutions are often proposed as the most suitable ways to solve 
these problems. In terms of materials, plant fibres can be used for 
strengthening of engineering materials (e.g. Mohanty et al., 2002) and 
biopolymers can be used in different types of plastic materials (e.g. Jerez et 
al., 2005). Totally, “green” bio-materials are of extra interest. Thus strong 
composites containing both “green fibres” from plants and “green 
biopolymers” from plants would be an ideal solution. One fibre crop that is 
relatively easily grown in Sweden with a good yield potential is hemp fibre 
(Svennerstedt & Svensson, 2006). Wheat gluten has been found as a low-
cost by-product from the increasing bio-fuel (ethanol) industry and as an 
interesting biopolymer alternative for bio-plastic production (Ullsten 2008).  
 
Therefore, the main goal of the investigations within this thesis is to 
combine one of the strongest plant fibres, hemp fibre, with one of the most 
promising biopolymers, gluten proteins, in order to create a suitable 
composite material of high strength, usable for the industry for different 
applications. 
 
  8 Objectives 
The main objectives of the research presented in this thesis were to: 
 
-  Investigate adsorption equilibrium moisture content in different 
types of fibres from various crops (paper I). 
-  Evaluate differences in adsorption equilibrium moisture content in 
hemp fibres retted and un-retted and from different varieties (paper 
I) 
-  Evaluate the possibilities of using hemp fibres to reinforce wheat 
gluten plastics (paper II). 
-  Determine the effect, if any, of fibre content on the mechanical 
properties of the composite material (paper II). 
-  Determine the effect, if any, of fibre quality on the mechanical 
properties of the composite material (paper II). 
-  Examine if a diamine could be used to increase the adhesion 
between fibres and plastic matrix (papper III). 
-  Determine if a high speed grinder could be used to improve the 
distribution, and decreasing the clustering, of fibres in the plastic 
matrix (paper III). 
 
 
  9 Introduction 
Introduction to plant fibres 
Plants with fibres that can be used for the manufacture of engineering 
materials include flax, hemp, jute, coconut and nettles. The choice of fibre 
type depends on the desired fibre properties and also on other factors such 
as price and availability. 
 
Plant fibre properties, in turn, are influenced by a number of factors 
including plant variety, climate, harvest time and method, maturity, retting 
and method of decortication and fibre separation.  
 
The main advantages of using plant fibre include renewability, relatively 
high strength and elastic modulus, low density, non-abrasiveness and 
biodegradability. However, one of the main drawbacks encountered by 
scientists trying to design new materials based on plant fibres is the large 
variation in fibre properties such as tensile strength and surface geometry 
(Kohler and Wedler, 1994). This variation exists among fibres from plants 
grown in the same plot, and even within groups of fibres from the same 
plant (Kohler and Kessler, 1999). Also, the harvesting procedure and fibre 
processing may further increase the variation in properties 
  
Depending on the intended use of the fibre, the concept of quality is 
defined in different ways. If the fibre is used for textile or composite 
production, the several aspects such as strength, length, fineness, chemistry 
and homogeneity are important. On the other hand, if the fibre is to be used 
in pulp and paper production then these fibre characteristics are not as 
important (Mediavilla et al, 2001). There are also traditional quality 
  10 guidelines such as “a high quality fibre should be lustrous and give a 
decided snap when broken” (Ranalli, 1999) but they are far from adequate 
for advanced industrial applications.  
 
In this thesis, the term “good quality fibres” refers to fibres with specific 
properties that are desired for a particular application, in our case the 
reinforcement of wheat gluten plastics.  
 
Synthetic fibres, such as glass and carbon, have well defined characteristics 
and properties. The natural fibre alternatives show similar characteristics 
but exhibit a larger degree of non-uniformity. This applies to most of their 
characteristics: chemical composition, crystalline, surface properties, 
diameter, cross sectional shape, length, strength and stiffness. In addition, 
each step in the fibre processing chain further alters their properties 
(Kessler et al., 1999). 
 
This causes problems when attempting to group fibres according to quality 
and when fabricating composites. To achieve strong composites, it is 
necessary to start with strong fibres, and also to achieve a strong bonding 
between the fibres and the polymer matrix (Lillholt, 2002). 
 
According to Langenhove and Bruggeman (1992) the most important 
physical properties of flax fibres are fibre strength, length, fineness, 
cleanliness and effects of processing. This can also be said for other fibre 
types, such as hemp. 
Cultivation and fibre properties 
We know that the properties of the fibres are affected by the cultivation 
practise and that producing good quality natural fibre begins with the 
knowledge and control of the agricultural production of the raw material.  
 
Plant growth is governed by numerous, complex processes that are not yet 
fully understood. These include genotype, climate, location, soil type, 
planting density and use of fertilizers and agrochemicals (Kessler et al, 
1999). Some of these factors, such as the climate, are not under human 
control but can be compensated for by selecting proper genotypes and by 
planting the crop at the appropriate time of the year and at a suitable 
location etc. 
 
  11 The main component of plant fibres is cellulose and its molecules are held 
in a crystalline or para-crystalline lattice within the microfibrils, creating a 
structure of considerable tensile strength.  
 
In general, the primary cell walls of a plant contain 10-20 % cellulose, the 
secondary walls up to 50 % and certain specialized cell walls, such as those 
of cotton fibres, may contain up to 98 % cellulose (Keller et al, 2001). The 
basic characteristics of cellulosic fibres are shown in table 1. 
 
 
Table 1. Basic characteristics of cellulosic fibres (Thomsen et al., 2002). 
Fibre Cellulose 
(%) 
Diameter 
(µm) 
Length 
(mm) 
Strength 
(MPa) 
Flax 75  19  33  700 
Hemp 65  25 25 600 
Jute   55  20  3  350 
Wood 40  33  3  150 
 
 
Hemp fibres show the greatest combination of strength and stiffness of 
plant fibres (table 2). Plant fibres have a low density when compared to 
synthetic fibres glass and carbon. If the specific strength is calculated as 
fibre strength in relation to density, the hemp fibre (specific strength = 
0.55) can be compared to glass fibre (specific strength=1.06). 
 
 
Table 2. Dimensional and strength properties for flax and hemp fibres 
compared to synthetic fibres  (Rowell et al, 1997). 
Fibre 
 
Density 
(kg/m3) 
Strength 
(MPa) 
Stiffness 
(GPa) 
Elongation 
(%) 
Flax 1  500  350  29  2.5 
Hemp 1  480 820  30  3.5 
Jute 1  500  580  26  1.5 
Glass  2 600  2 760  73  3 
Aramid  1 440  2 790  124  2.5 
Carbon  1 770  3 585  235  1.5 
 
 
The tissues in a mature hemp plant that make up the bark are located 
outside of the vascular cambium and consist of the epidermis, the cortex 
  12 and the phloem. The phloem consists of sieve tubes and phloem fibres, the 
later are also referred to as “bast fibres”. 
 
The tissues located on the inside of the vascular cambium make up the 
wood portion of the stem and consist of the pith and the xylem. The xylem 
consists of vessels, ray and paratracheal parenchyma and libriform fibres, 
making up the “woody” portion of the stem (van der Werf, 1991).  
 
Hemp fibres can be divided into three categories, namely primary, 
secondary and libriform fibres (Mediavilla et al, 2001). Secondary fibres 
are shorter (2 mm long) and more lignified than the primary fibres (20 mm 
long) and the libriform fibres are even shorter (0.5-0.6 mm long) and have 
the highest lignin content (van der Werf, 1991; Mediavilla et al., 2001). 
The length of the primary fibres is largest in the middle of the stem and 
decreases towards the top and bottom of the plant according to Bredemann 
(1927). When a cross-section of the stem is examined, it is circular at the 
base, semicircular at medium height and square at the top level (Heuser, 
1927). Mediavilla et al. (2001) have found that 54 % of the fibres are 
located in the bottom part of the plant, 34 % in the middle and 12 % in the 
top part. 
 
In order to maximize the stem and fibre yield, the hemp needs to be 
harvested at the right time. Some theories hold that the maximum yield is 
reached at the point of male flowering or technical maturity, others that it is 
reached approximately 3-4 weeks later at the beginning of seed maturity 
(Mediavilla et al., 2001). This later harvest does not affect the tensile 
strength of the bast and is advantageous for mechanical decortication of 
non-retted, dried hemp stems. However, a harvest time during the earlier 
vegetative growth stage or early flowering stage may be optimal for 
obtaining well-separated and smooth single hemp fibres (Keller et al 2001).  
 
Once flowering has started, the formation of secondary fibres in the 
cambium between the phloem and the xylem begins and this results in an 
increase in stem diameter and a mismatch between the woody core and the 
bark. During this formation, cracks are more likely to appear in the tissue 
outside the cambium. The core also becomes more brittle during the 
progress of growth, resulting in smaller shives during the decortication 
process that are more easily removed from the bark (Keller et al., 2001). It 
has also been observed that in female plants, and probably also in 
  13 monoecious, the formation of secondary fibres starts earlier (Mediavilla et 
al., 2001).  
 
The choice of growing location has a significant influence on fibre 
formation. If provided with an open, sunny environment, light well-drained 
soil and ample nutrients and water, hemp can grow to a height of 5 metres 
in four to six months. Exposed river banks, meadows and agricultural lands 
are ideal for hemp cultivation since all offer plenty of sunlight (figure 1). 
Hemp seeds usually germinate in 3-7 days and under favourable conditions, 
during the long days of summer, the plants can grow up to 10 cm per day in 
height. Hemp exhibits a dual response to day length. During the first 2-3 
months of growth it responds to increasing day length with more vigorous 
vegetative growth but later in the season it requires shorter days to flower 
(Ranalli, 1999). Loamy soils result in more fibres forming as supportive 
tissue (Schäfer & Honermeier, 2000). This is interesting because it gives 
the farmer yet another tool for increasing the fibre content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Industrial hemp field at Lönnstorp Research Station, 2003. 
 
Another factor governing the fibre fraction proportions is the planting 
density. Deleuran and Flengmark (2005) recorded the highest fibre yields at 
a seeding density of 32-64 kg seed per hectare, while the seed yield was 
  14 highest at 8 kg seed per hectare. They also noted that while high fibre and 
seed yields are possible depending on the choice of cultivar and seed rate, 
they usually not found combined within the same cultivar. 
 
Higher seeding rates can have a positive effect on crop biomass and stem 
production during periods of reduced rainfall and draught (Gorchs & 
Lloveras, 1999). The bast fibre content increases with planting density, 
probably due to less secondary growth (van der Werf, 1991). Also, too 
much rainfall will result in lower stem and fibre yield due to oxygen 
deficiency in the soil (Isolahti & Sankari, 2003). 
 
Nitrogen fertilization increases plant height and stem diameter but only up 
to 100 kg N ha-1 (Gorchs & Lloveras, 1999). If the amount of available 
nitrogen is too high, the result is lower stem quality due to an increase in 
the stem diameter (Ranalli, 1999). Rates between 50 and 100 kg N ha-1 
seem most appropriate when hemp is grown for fibre production. Higher 
nitrogen rates should only be used when the crop is grown for both seed 
and fibre. If only seed production is desired, a rate of 30 kg N ha-1 is 
enough (Gorchs & Lloveras, 1999). Along the same lines, a nitrogen supply 
of 175 kg ha-1 minus the reserve of soil mineral nitrogen would allow 
optimal crop growth and yields of up to 15 t ha-1 of above ground dry 
matter (Ranalli, 1999). 
 
For applications where long fibres are required, the proportion of bast 
fibres is most important. It is known that a high bark yield and bast fibre 
content, combined with low secondary fibre content, is advantageous. Fibre 
yield is highly correlated with stem and bark development and reach 
maximum at the same time (Mediavilla et al, 2001). A cellulose content of 
79 % at harvest has been reported by Keller et al (2001) and it has been 
shown that the content increases continuously with time independent of the 
growth stages. This seems to indicate that a longer growth period is 
desirable for fibre production. In Scotland, hemp has been reported to 
benefit from longer summer days when compared to the same varieties 
grown under more southern conditions. While the total yield is not as high, 
it is believed that the quality might be superior (Morrison & Stewart, 1997). 
 
It is generally assumed that for a crop to reach its full potential it must not 
be affected by shortage of water and nutrients or other stress factors, such 
as pests and diseases. Under such ideal conditions, the production of dry 
  15 matter is approximately proportional to the amount of photo synthetically 
active radiation intercepted by the crop canopy (van der Werf et al, 1991).  
 
The fibres themselves can be viewed as very complex natural composites, 
where the properties are determined by the degree of polymerisation of 
cellulose and the arrangement of the fibrils and the related crystalline. The 
amount of hemi-cellulose, pectin and lignin is also important. The lignin 
makes the stem rigid and the pectin glues the fibre bundles together. 
Retting is a common method for preparing the harvested fibres for 
decortication. The degree of retting greatly affects the end quality of the 
fibres and is in turn partly controlled by the moisture content of the straw 
(Nilsson, 2002). During the primary process of retting, pectic 
polysaccharides in the phloem are degraded and the bast fibre bundles are 
liberated from the cortex and xylem (van Dam, 1999). Figure 2 shows a 
SEM image of a retted hemp fibre bundle. The pectins associated with the 
middle lamella are removed, allowing the fibre bundles to separate from the 
surrounding cells of the stem. Hemicellulose is only partly removed by the 
retting process (van Hazendonk et al., 1996). The first processing step is 
the extraction of the fibres from the plant stem and the separation from the 
wood shives. Decortication of well-retted stems needs much less 
mechanical energy and gives a higher yield of fine fibres. Also a lower 
mechanical impact decreases the damage to the fibres (Kessler et al, 1999).  
 
The natural and processing induced defects in the fibre wall structure have 
an effect on the tensile properties of the fibre. Longer fibres have been 
proven to have lower tensile strength because they have a greater chance of 
containing defects. Natural fibres can therefore not be treated as 
homogenous structures but contain local defects resulting in heterogeneous 
stress and strain distributions throughout the fibre (Mott et al., 1996). 
 
The large natural variation in plant fibres poses a challenge when fibres are 
used as components in construction materials. For example, the author was 
involved in field trials conducted at SLU in Alnarp during the years 2004-
2006, where different hemp and flax varieties were grown in order to test 
the impact of cultivation factors on fibre tensile properties. Different 
varieties, nitrogen fertilization and seeding rates were examined and then 
the tensile strength of the fibre bundles was tested (Svennerstedt, 2008). 
Further statistical analysis (ANOVA) was carried out on the material using 
240 tensile tests done on hemp fibres from these trials. No significant 
differences caused by nitrogen and seeding rates with regards to fibre 
  16 tensile strength were revealed. The tested hemp fibres had also a large 
standard deviation of approximately 27 percent (results not shown). This 
indicates that the large natural variation may have “overshadowed” the 
effect of the different treatments.  
 
A well-defined separation of single fibres by a subsequent degumming 
process might also be required, especially if the fibres are to be used by the 
industry. There are several chemical and physical degumming processes 
that dissolve and remove the gum substances between the fibres. The 
efficiency of these methods can be further increased by the addition of 
technologies such as steam explosion and ultrasound. However, they are 
very energy demanding and therefore expensive. Another method is 
controlled biological degumming using a bioreactor with adapted micro 
organisms and their enzymes. The preferred starting material for this 
method is green, non-retted decorticated bark. This is one way of dealing 
with the inhomogeneous nature of the starting material, since it is caused to 
a large degree by the retting process (Keller et al., 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. SEM image of a hemp fibre bundle, with peeled back outer layer. 
Image courtesy of Kerstin Brismar, SLU Alnarp. 
 
  17 The post harvest treatment and storage is also of outmost importance for 
maintaining the fibre quality. A high quality fibre will be quickly destroyed 
if stored under poor conditions. Since many plant fibres, such as hemp and 
flax, are hygroscopic and retain moisture, humidity is of particular 
importance. Fibres can be stored for several years if the moisture content is 
below 15 % (wet basis). If the moisture content is above 16 %, there is a 
risk that the retting process will continue and deteriorate the fibres. The 
fibres will adsorb moisture when the internal vapour pressure is lower than 
that of the surrounding air. When the internal and external vapour pressures 
are equal, the moisture content of the fibres are said to represent the 
equilibrium moisture content (EMC). The EMC is defined as the moisture 
content of a biological material after it has been subjected to a constant 
temperature and relative humidity for an infinitely long period of time. The 
EMC of hemp, flax and reed canary grass is investigated in paper I. The 
plant material was subject to several temperature and humidity intervals 
and weighed at each specific temperature and humidity value until the point 
of EMC was reached. When equilibrium was reached at the highest 
humidity level, the specimens were oven dried to determine the moisture 
contents and then the intermediate moisture contents where back- 
calculated. Several different isotherm models for predicting the EMC were 
then evaluated with different models providing the best goodness of fit 
depending on the type of fibre. This is important, because by using the 
correct model to understand fibre moisture adsorption; we can improve on 
the post harvest storage and handling procedures. If fibres are to be used 
commercially for production of materials in the future, most likely the most 
optimal fibre quality for certain application is needed and then knowledge 
about moisture and influences of storage conditions are of highest 
importance. 
Introduction to bioplastics 
Similar to plant fibre based materials, there is also an increasing worldwide 
interest in high performance bio-based plastics due to increasing demands 
for environmentally friendly materials and to the depletion of petroleum 
resources (Winandy, 2006). The main advantage of bio-based plastics is 
their expected properties of being bio-degradable and/or compostable. 
 
Bio-based plastic materials is no novelty, they have been known and used 
since long. Before the development of petroleum based plastics, renewable 
materials based on polymers were dominating. By the start of the petroleum 
  18 period, petroleum plastics were introduced and dominating due to their 
many possible applications and the low price of the petroleum. With the 
increased price of petroleum and the many environmental problems caused 
by petroleum based plastics, high performance plastic materials of 
renewable origin has increased in interest again (Ullsten, 2008). However, 
today, only 1% of the total plastic market is bio-based plastics. 
 
A range of biopolymers have been tested and evaluated for usefulness as 
bio-based plastic materials; e.g. cellulose, starch, collagen, casein, plant 
proteins and polyester (e.g. Jerez et al., 2005). Of those different polymers, 
wheat gluten is one of the most interesting ones due to its low cost, low 
oxygen permeability of films at dry conditions and the high content of 
hydrogen bonds in the films (Ullsten, 2008). 
Wheat gluten bioplastics 
Wheat gluten-based polymers are a new and interesting alternative to 
traditional synthetic plastics due to their combination of mechanical, 
oxygen barrier and film-forming properties (Cuq et al., 1998; Gennadios, 
2002; Olabarrieta et al., 2006).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. SEM image of a wheat gluten plastic fracture surface. Image 
courtesy of Kerstin Brismar, SLU Alnarp. 
 
Wheat gluten (WG) films (figure 3) have a high content of hydrogen bonds 
and therefore low oxygen permeability under dry conditions. However, the 
high content of hydrogen bonds might also be negative, making the film 
brittle. Therefore, it is important to use a polar plasticizer that breaks the 
polypeptides bonds. Such a plasticizer increases the toughness of the plastic 
film although, simultaneously it decreases the barrier properties. Glycerol is 
  19 the most commonly used plasticizer. The advantage of glycerol is that it is 
highly polar and easy to disperse in the protein matrix. The plasticizing 
effect is increased by the hygroscopic and water absorbing character of 
glycerol. Other possible plasticizers to use is e.g. triethanolamine. Due to 
plasticizer migration and oxidation of free thiol groups over time, bittleness 
might develop in gluten plastic films at storage (Gällstedt et al, 2004). 
 
Wheat gluten polymer materials can be manufactured using several 
processing methods, including extrusion, compression molding and 
solution casting (Ullsten et al., 2006). Compression molding and extrusion 
are commercially more interesting due to faster processing times. During 
compression molding, high temperature, plasticizer content and type, pH, 
processing time and shear rate all influence the mechanical properties due 
to their importance for protein polymerisation (Roy et al., 1999; Redl et al., 
1999). Sulphydryl from the amino acid cysteine is responsible for creating 
disulphide cross-links during oxidation. The reorganization of the 
intramolecular disulphide bonds into intermolecular disulphide bonds is an 
important part of the aggregation process (Morel et al., 2002; Domenec et 
al., 2002). The upper temperature limit of the processing window is 
determined by depolymerization together with over extensive aggregation 
(Gällstedt et al., 2004). 
Composite materials  
When using a plastic in a composite material, it functions as a binder for 
the fibre reinforcement material and gives protection against moisture and 
ultra violet light that can otherwise break down the fibre. 
 
Synthetic polymers are the most commonly used binders today, owing to 
the fact that early research was focused on replacing the synthetic fibres 
only and not the binders. The more commonly used synthetic polymers in 
biocomposites are polypropylene, HDPE, PVC, PS, epoxies and polyesters.  
Also the thermal stability, as the plant fibres start to degrade at around 220 
°C, restricts the choice of matrix polymers to conventional thermoplastics, 
such as PE, PP, PVC and PS. Another important factor is the viscosity of 
the polymer. For good impregnation of the fibre, the viscosity of the 
polymer melt should not exceed 100 Pa·s in case film stacking is chosen or 
1000 Pa·s for co-mingled technique (Kandachar &Brouwer, 2002). 
 
  20 The main advantage of using synthetic polymers as binders is that they are 
cheaper than other alternatives. However, they are not environmentally 
friendly and as such they undermine, to a certain degree, the use of the 
natural fibres themselves. 
Because of this, there is now a trend to replace the synthetic polymers with 
renewable and biodegradable alternatives (figure 4). Examples of 
biodegradable polymers are Polylactic acid (PLA), Polyglycolic acid 
(PGA), Polyhydroxybuturate (PHB) and wheat gluten based polymers. 
When judging these biopolymers as suitable matrixes for bio fibre 
composites, the density and the temperature related properties seem to be 
the limiting criteria for the choice of suitable polymers. For instance, PLA 
has a low density and its melting temperature (150-162 °C) is well suited 
for manufacturing bio fibre composites.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. SEM image of a hemp fibre reinforced wheat gluten plastic 
fracture surface. Image courtesy of Kerstin Brismar, SLU Alnarp. 
  21 Materials and methods of 
composite materials 
 
Materials 
In our investigations, evaluating possibilities to reinforce wheat gluten 
plastics by the use of hemp fibres, the following materials were used; 
-  Wheat gluten (WG) powder was used, supplied by Reppe AB, 
Lidköping, Sweden (paper II and III). 
-  Glycerol supplied by Karlshamns Tefac AB, Karlshamn, Sweden 
(paper II and III). 
-  The diamine, Jeffamine
® EDR-176, was provided by Huntsman 
Holland BV, Holland (paper III). 
-  Three different types of industrial hemp fibres in order to provide 
three distinct quality levels; poor, standard and good quality (paper 
II and III). Also hemp fibres of different length were tested (paper 
II). 
Compression molding 
Plastic dough was prepared by mixing gluten and glycerol to a content of 
30 wt%.  Long (paper II) and short (paper III) hemp fibres of different 
qualities were added in different quantities (5, 10 and 15%; paper II and 
III).  Dough and fibre was transferred either to an electrical blender (paper 
II and III), or to a high speed grinder (paper III) for mixing. For samples 
containing diamine, Jeffamine
® EDR-176 was added to the fibre-dough 
samples prior to mixing (paper III).  
 
  22 Compression moulded films were manufactured using a PHI press; 
moulding temperature 130 °C,  applied pressure 1600 bar, and moulding 
time 5 min. By using Mylar foils, square films were obtained with sides of 
100 mm length and 0.5 mm thickness (paper II and III). 
Quality evaluations 
Tensile strength was tested on dumbbell-shaped specimens of the 
reinforced plastics (paper II and III). 
 
In order to study the fibre distribution in the plastics, samples from each 
treatment were studied by stereo light microscopy with a digital camera 
(paper II). 
 
To further study the fibre raw material and the finished plastic material 
structure, scanning electron microscopy (SEM) was used (paper II and III). 
The same method was used to investigate fracture surface of the samples 
(paper II and III).  
 
For further evaluation of bondings between the protein matrix and 
polymerization structures of the proteins confocal laser scanning 
microscopy (CLSM) was used (paper III). 
 
Protein polymerization behaviour was evaluated using size-exclusion high-
performance liquid chromatography (SE-HPLC; paper III). 
Statistical analysis 
Statistical analyses were carried out using the SAS software package for 
Microsoft Windows (SAS Institute Inc, NC, USA; paper II and III).  
 
  23 Results of composite materials 
Differences of fibres of varying quality 
SEM showed that good quality fibres consisted of thick fibre bundles with 
relatively clean and only mildly damaged fibre surfaces. The poor quality 
fibres showed clear surface damage and fibre degradation, as well as 
thinner fibre bundles. The standard quality fibres were in between as 
related to appearance (paper II). 
Films with long versus short fibres  
Compression moulded films containing long fibres were generally non-
homogeneous, regardless of amount and quality of fibre. Also, the fibres 
were very unevenly distributed within the material with fibres lumped 
together in bundles. The short fibres were better, although still unevenly 
distributed in the gluten matrix and clustered together in bundles. No clear 
difference in the behaviour of the different fibre qualities, in the gluten 
film, was seen (paper II). 
Fibre distribution in relation to grinding 
Fibre distribution throughout the plastic material was somewhat improved 
by the use of a high speed grinder instead of an electrical blender (paper 
III). However, the use of the high speed grinder also led to a decrease in 
tensile strength properties of the plastic in comparison to the use of the 
electrical blender. Despite the fact that fibre distribution was improved by 
the use of a high speed grinder, standard deviations for measured 
  24 parameters were still large, indicating uneven distribution of the fibres 
(paper III). 
Tensile testing 
Tensile strength of the hemp fibre-reinforced gluten plastic varied in 
relation to hemp fibre content and quality (paper II and III). With 
increasing fibre content, tensile strength and E modulus were found to 
increase, while strain decreased. No significant influences of fibre quality 
on tensile strength or stress were found. However, E modulus was found to 
increase with improved fibre quality (paper II and III). Also the grinding 
was found to play a minor role in determination of the tensile strength 
parameters (paper III). The most important factor of those investigated for 
variation in tensile strength parameters was hemp fibre content (paper III). 
Also, addition of Jeffamine
® was found to significantly influence tensile 
strength parameter (paper III). Findings suggest that the increased tensile 
properties by the addition of Jeffamine
® was mainly due to an increased 
protein polymerization leading to a noticeable change in the structure of the 
plastic itself, i.e. the crack formations decreased and the appearance 
became more “plastic” (paper III). 
Fractures of hemp fibre-reinforced gluten 
plastics 
Gluten film without fibre reinforcement showed a uniform fracture surface 
and the break was in a sheet-like manner. For films with fibre 
reinforcement, the fracture surfaces were uneven independent of if the films 
were reinforced with good or poor quality fibres. Fracturing generally 
seemed to have started around areas where the fibres were clustered and 
where air pockets had started to form (paper II).  
 
Fibres were found to have been pulled out of the gluten plastic matrix, 
rather than breaking during tensile testing (paper II). The addition of the 
diamine Jeffamine
® to hemp fibre reinforced gluten plastic films was not 
observed to lead to a better bonding between the hemp fibres and the 
protein matrix (paper III). Still the “pull-out” effect of the fibres was seen 
as a result of insufficient binding (paper III). A gathering of high molecular 
weight (HMW) glutenin subunits were found along the border of the fibres 
independent if Jeffamine
® was added or not (paper III).   
 
  25 Discussion 
The present investigations clearly showed the possibilities to reinforce 
wheat gluten plastics with industrial hemp fibres (paper II and III). Only 
one previous investigation has studied possibilities to use industrial hemp 
fibres to reinforce wheat gluten plastics, and within that study only long 
hemp fibres were tested (Kunanopparat et al., 2008). Our study clearly 
showed the advantages of using short industrial hemp fibres instead of long 
ones in reinforcing the wheat gluten plastics (paper II).  Also, other studies 
have shown the advantage of using short industrial hemp fibres instead of 
long ones, although the purpose was to reinforce soy protein plastics 
(Mohanty et al., 2005).  
 
Despite the better distribution of the short industrial hemp fibres in the 
gluten matrix as compared to the long ones, still the fibres showed a 
tendency to cluster together during the mixing process (paper II). Uneven 
distribution of fibres in plastic matrices is a general problem as it leads to 
weaker unreinforced zones in the materials in which cracks and brakes are 
starting (e.g. Liu et al., 2004; 2005). One possibility to improve the 
distribution of fibres in the gluten plastic matrix could be to improve the 
blending of fibres and gluten before compression molding. In paper II an 
electric blender was used to mix the fibres with the gluten powder. The use 
of this blender caused part of the plastic mix to stick to the walls of the 
glass container while the hemp fibres tended to collect at the bottom of the 
container (paper II). Therefore, a high speed grinder was instead used in 
paper III. The use of the high speed grinder improved the distribution of 
fibres in the matrix, although, still the distribution was not acceptable 
(paper III). One reason for the still uneven distribution might be the small 
volume capacity of the grinder itself. Larger material samples had to be 
prepared in smaller batches. Thereafter the batches were combined before 
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exhibit a high variation in tensile properties resulting from a range of 
factors such as plant variety, climate variations, harvest times, moisture 
content, maturity, retting, methods of decortication and other technical 
processes (paper I; Kessler et al., 1999). In conclusion, the grinder itself 
seemed to play a minor role for the result of distribution of fibres in the 
protein matrix. Other solutions have to be search for in order to improve the 
fibre distribution in the matrix (paper III). Such solutions might for 
example be additions of SDS to the sample to reduce the protein 
polymerization behaviour, or additions of alkali solutions to decrease 
interfibrillar regions in the fibres (Liu et al., 2004). 
 
It is a well known fact that tensile strength parameters are influenced by 
additions of fibres to plastic materials, and similar findings have also been 
reported in several studies relating to natural fibres and bio-plastics. 
Addition of natural fibres has been found to increase the tensile properties 
of a range of materials (e.g. Mohanty et al., 2002; 2005; Liu et al., 2004; 
2005; Kunanopparat et al., 2008). In similarity with these previous 
findings, the present investigation also showed an increase in tensile 
strength by additions of fibres to the gluten plastics (paper II and III). Our 
results showed a correlation between amount of fibres added and tensile 
strength (paper II and III), which is in contrary to the findings in another 
study (Liu et al., 2005). However, the previous study (Liu et al., 2005) did 
not investigate either the same type of fibre or the same type of protein 
matrix. Regarding fibre content intervals used in the present study, the 
amount of hemp fibres added to wheat gluten plastics seems to be 
important for increasing the tensile strength in the films. 
 
Fibre quality was not found to influence tensile strength properties in our 
investigations (paper II and III). To our knowledge no previous study has 
investigated the relationships between the quality of natural fibers added to 
bio-plastics and the influences on tensile strength parameters. One might, 
however, expect that there should be a positive relationship between quality 
and tensile strength parameters. The major explanation for the limited 
relationship between fibre quality and tensile strength properties found in 
our investigations seems to be a poor bonding between the fibres and 
protein matrix (paper II and III). Pull-out of fibres could be seen in the 
experiments (paper II and III) instead of breakage of the fibres at tensile 
tests, indicating poor bonding. Also, when using other types of natural 
fibres in other types of plastic materials, poor bonding has been reported 
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between fibres and plastic materials have mainly been additions of different 
additives to the reinforced plastics (Liu et al., 2004; 2005). In our studies, 
we tried to add a diamine, Jeffamine
®, known to have cross-linking 
properties (paper III). However, the results showed no increased bonding 
between the fibre and the gluten matrix with the addition of the diamine 
(paper III). When solutions for better bonding between the fibre and the 
protein matrix have been found, quality of the fibre will most likely play a 
role. The most suitable quality of the fibre than has to be evaluated and 
determinations of parameters such as adsorption equilibrium moisture 
contents of the fibres, as investigated in paper I, might be one determinant 
of the most suitable quality of the fibre.  
 
Increased tensile strength of the reinforced plastics was obtained after 
additions of Jeffamine
® (paper III). Also in earlier investigations, increased 
tensile strength has been obtained after additions of different types of 
additives, e.g. compatibilizers (Liu et al., 2005). Actually, in the present 
investigation (paper III), a combination of additions of Jeffamine
® and a 
high amount of fibre gave the highest increase in tensile strength. However, 
the main reason for the improved tensile properties by the addition of 
Jeffamine
® was due to an increased polymerization of the proteins in the 
gluten plastic matrix (paper III). An increased polymerization of the 
proteins is known to increase the tensile strength of bio-plastic materials 
(Gällstedt et al., 2004; Ullsten et al., 2006; Olabarrieta et al., 2006). 
Increased protein polymerization might also be the reason for increased 
tensile strength in other materials with additions. Such investigations have 
mainly not been carried out.  
 
If an increased protein polymerization in the gluten matrix is the main aim, 
then there might be better additives to use than Jeffamine
®, e.g. NaOH 
(Ullsten et al., 2008). For better bonding of the fibres to the gluten matrix, 
additional studies have to be carried out in order to find an additive leading 
to improved bonding between the fibres and the matrix. 
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Short industrial hemp fibres are a good solution for reinforcement of gluten 
plastics, creating a strong, stiff and sustainable eco-efficient material for the 
automotive and building product industry. The fibre content has a 
significant effect on the mechanical properties of the composite material. 
 
Before the material can be used, problems with uneven distribution of 
hemp fibres and poor adhesion between fibres and the matrix in the 
material have to be resolved.  
 
Also, the most suitable fibre quality to be used in the materials have to be 
determined as this was not possible in the present investigations due to poor 
bonding between the fibres and the plastic material. 
 
Use of a high speed grinder to blend fibres and plastic dough lead to better 
fibre distribution compared to the use of an electrical blender. However, 
there is room for further improvement as the fibres still exhibited 
tendencies to bundle together.  
 
Addition of the diamine to the material did not improve bonding between 
fibres and plastic but improved the mechanical properties of the wheat 
gluten plastic itself by an increased polymerisation of the proteins in the 
gluten matrix. Further studies are required to find a way of improving the 
interaction between fibres and gluten plastic. 
 
 
 
  29 Suggested future research 
There are a number of research tasks that need to be undertaken if hemp 
fibre reinforced wheat gluten plastic is to become a viable commercial 
alternative to traditional composite materials. 
 
The fibre distribution needs to be improved and a possible solution might 
be a better mixing procedure using a high capacity grinder. Another 
possibility could be to decrease the viscosity of the plastic dough to 
facilitate the fibre dispersion in the dough. Further decreasing the length of 
the fibres is yet another possibility that needs to be examined. 
 
The interaction between the fibres and the plastic also needs to be improved 
in order to take advantage of the inherent strength of the fibres. The 
inherent problem of combining hydrophilic fibres with a hydrophobic 
plastic material must be taken into account. The solution could possibly be 
the addition of a powerful cross-linking substance. 
 
When the problem with improved bonding between the fibres and the 
gluten matrix has been solved, the most suitable quality of fibres to add to 
the gluten has to be evaluated. 
 
Another interesting question is the long term behavior of the fibres in the 
plastic, in particular if they will start to deteriorate due to possible moisture 
adsorption. 
 
Also it is important that an analysis be performed to determine the actual 
environmental value and/or impact of the composite material once the 
above problems have been satisfactorily solved. 
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The quality of ﬁbres obtained from ﬂax, hemp and reed canary grass is dependent on the moisture
characteristics of the crops. In this study, the adsorption equilibrium moisture contents of un-retted and dew-
retted ﬂax straw, un-retted and frost-retted hemp stalks and spring-harvested reed canary grass were
determined using the dynamic gravimetric method at different temperatures (5, 15, 251C) for relative
humidities in the range 35–95%. Non-linear regression was used to ﬁt ﬁve commonly used three-parameter
isotherm models [the modiﬁed Henderson model, the modiﬁed Chung–Pfost model, the modiﬁed Halsey
model, the modiﬁed Oswin model and the modiﬁed Guggenheim–Anderson–de Boer (GAB) model] to the
data obtained. The goodness-of-ﬁt of the models was compared using the mean relative percentage deviation,
the standard error of estimate and residual plots. The modiﬁed Halsey model was considered the best for
predicting the equilibrium moisture content of un-retted ﬂax and spring-harvested reed canary grass, and the
modiﬁed Oswin model for predicting the equilibrium moisture content of dew-retted ﬂax and un-retted hemp,
while the Chung-Pfost model was the best for predicting the equilibrium moisture content of frost-retted
hemp. For ﬂax and hemp, there were statistically signiﬁcant differences between un-retted and retted plant
materials, whereas the differences between varieties were small.
r 2005 Silsoe Research Institute. All rights reserved
Published by Elsevier Ltd
1. Introduction
1.1. Background
The increased awareness of sustainable production in
recent decades has led to the search for new envir-
onmentally friendly products. Natural ﬁbres from ﬂax
(Linum usitatissimum L.), hemp (Cannabis sativa L.) and
reed canary grass (Phalaris arundinacea L.) are alter-
natives that can replace synthetic ﬁbres (e.g. carbon,
glass and polyester ﬁbres) in many industrial applica-
tions. For example, hemp ﬁbres have a lower density
than carbon ﬁbres, and are among the strongest of the
natural ﬁbres (Rowell et al., 1997). Flax and hemp ﬁbres
can be used as reinforcement material in composites,
rubber and concrete, in non-woven products, and as
insulation material (Smeder & Liljedahl, 1996; Svenner-
stedt, 2003), whereas ﬁbres from reed canary grass can
be used for making paper (Finell, 2003). The important
advantages of natural ﬁbres are that these are produced
from renewable materials and can be degraded biologi-
cally after use.
The bast ﬁbres from ﬂax and hemp are released from
the core and epidermis by retting. In the dew-retting
process, in which the crop is exposed to dew, rain, wind
and sunlight in the ﬁelds, the pectic substances attaching
the ﬁbres to the stem are degraded by microorganisms
(Van Sumere, 1992). An alternative option is to harvest
the crop in the following spring (Landstro ¨ m et al., 1996;
Pasila, 1998). The microbiological degradation, the
changes in morphological structure and the loss of
leaves of frost-retted plants facilitate the drying process
in the spring and the subsequent ﬁbre separation.
In the Nordic countries, the harvest season in the
autumn is often rainy and the air humidity often high.
This can cause problems for the harvesting, storage and
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Published by Elsevier Ltdprocessing of crops. Fibre quality may, for example, be
low in some years as a result of in-ﬁeld over-retting if the
crop cannot be harvested at an optimum point in time
due to poor weather conditions. Furthermore, retted
ﬂax straw can be preserved for several years if the
moisture content is below 15% (wb). However, if the
moisture content is above 16%, there is a risk that the
retting process will continue during storage, resulting in
ﬁbre quality deterioration (Sultana, 1992). Damp ﬁbre
crop stems are also more difﬁcult to process due to their
higher friction coefﬁcient (Pasila, 1998).
Hygroscopic materials, such as ﬂax, hemp and reed
canary grass, adsorb moisture when the vapour pressure
within the material is lower than the vapour pressure of
the surrounding air. When the internal vapour pressure
is equal to the vapour pressure of the surrounding air,
the moisture content of the material represents the
equilibrium moisture content (EMC). The internal
vapour pressure is dependent on the surrounding
environment, i.e. the temperature and relative humidity,
as well as on the characteristics of the plant material.
The EMC of a biological material is therefore deﬁned as
the moisture content of the material after it has been
exposed to a particular environment with a constant
temperature and relative humidity for an inﬁnitely long
period of time (Brooker et al., 1992).
There are a number of different methods for
determining the EMC. The most commonly used are
the static and the dynamic gravimetric methods (Speiss
& Wolf, 1987). In the static method, the sample reaches
the EMC in still air moistened by various salt solutions;
whereas in the dynamic method the air is mechanically
moved and often moistened by air conditioning units
(Brooker et al., 1992; Viswanathan et al., 2003).
However, the main advantage of the dynamic method
is that the sample reaches equilibrium more rapidly than
with the static method.
The resulting EMC (expressed on a dry weight basis)
at different relative humidities for given temperatures
can be described by sorption isotherms. The isotherms
usually have a sigmoid shape and can be divided into
three different regions (Van den Berg & Bruin, 1981;
Rahman, 1995). In the ﬁrst region, i.e. at low relative
humidities, there is monolayer adsorption of water
molecules strongly bound by van der Waal forces. In the
second region of the isotherm, there is multi-layer
adsorption; and the enthalpy of vaporisation in this
region is less than in the ﬁrst region. In the third region,
the isotherm rises steeply as practically free water
becomes mechanically entrapped in the void spaces of
the material, mainly as a result of capillary condensation
(Van den Berg & Bruin, 1981; Nevander & Elmarsson,
1994; Rahman, 1995). The enthalpy of vaporisation is
lowest in this region.
Several isotherm models have been proposed to ﬁt
EMC data from agricultural products (Van den Berg &
Bruin, 1981). The most commonly used models are the
modiﬁed Henderson model, the modiﬁed Chung–Pfost
model, the modiﬁed Halsey model, the modiﬁed Oswin
model and the modiﬁed Guggenheim–Anderson–de
Boer (GAB) model (Jayas & Mazza, 1993; ASAE,
2000; Aviara et al., 2004). These models are presented in
Table 1. The modiﬁed Henderson model (Thompson
et al., 1968) and the modiﬁed Chung–Pfost model (Pfost
et al., 1976) are good models for starchy grains and
ﬁbrous materials (Chen & Morey, 1989). The modiﬁed
Henderson model seems, for example, to be best for the
prediction of EMC for wheat straw, according to
Duggal and Muir (1981). The modiﬁed Halsey model
(Iglesias & Chirife, 1976) is appropriate for high oil and
protein products (Chen & Morey, 1989). The modiﬁed
Oswin model (Chen & Morey, 1989) is suitable for, e.g.
safﬂower seeds (Jayas & Mazza, 1991) and corn and
corncobs (Chen & Morey, 1989). The GAB model (Van
den Berg, 1984), which was modiﬁed by Jayas and
Mazza (1993) to a three-parameter model in order to
include the effects of temperature, has been recom-
mended as a standard model for food (Lomauro et al.,
1985). However, Chen and Jayas (1998) showed that the
GAB model is inadequate for many starchy products.
A deeper knowledge of the adsorption EMC char-
acteristics of ﬂax straw, hemp stalks and reed canary
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Notation
A, B, C constants
D dummy variable
df degrees of freedom of regression model
ES standard error of estimate
HR relative humidity, decimal
MD equilibrium moisture content, % (db)
N number of data points
P mean relative percentage deviation, %
QA,QB,
QC
constants
T temperature, 1C
Y measured equilibrium moisture content, %
(db)
^ Y predicted equilibrium moisture content, %
(db)
D. NILSSON ET AL. 36grass is useful for proper management of harvest and
post-harvest operations, as well as for improving quality
control during storage. The kinetics of water sorption
on ﬂax ﬁbres have been studied by Kohler et al. (2003),
and the EMC and capillarity properties of ﬁbre and
shive fractions of ﬂax and hemp by Kyma ¨ la ¨ inen and
Pasila (2000) and Kyma ¨ la ¨ inen et al. (2001). However, no
studies were found in the literature in which the EMC of
whole ﬂax straw, hemp stalk or reed canary grass straw
had been investigated. The ASAE publishes data and
constants for isotherm EMC equations for agricultural
products (ASAE, 2000), but no data for these ﬁbre crops
were found.
1.2. Objectives
The objectives of this study were to obtain EMC data
for three Swedish ﬁbre crops (ﬂax, hemp and reed
canary grass) at different temperatures (5, 15, 251C) for
relative humidities in the range 35–95%, and to evaluate
the suitability of applying ﬁve commonly used isotherm
EMC equations (i.e. the modiﬁed Henderson, the
modiﬁed Chung–Pfost, the modiﬁed Halsey, the mod-
iﬁed Oswin and the modiﬁed GAB equations) to predict
the EMC of these crops.
2. Materials and methods
2.1. Plant material
The ﬂax varieties Viola and Elise were investigated in
this study. These varieties were grown at Uppsala in
central Sweden and cut on 29 July 2002 at early yellow
ripeness. Sheaves were taken from windrows with un-
retted straw on 29 July; from windrows with (almost)
normally dew-retted straw on 28 August; and from
windrows with over-retted straw on 21 September. The
sheaves were air-dried indoors to a moisture content of
about 10% (wb) and then stored in un-heated store-
houses.
The hemp varieties studied were Felina and Futura.
The crop was grown at Alnarp in southern Sweden, and
stalks were taken randomly from un-retted hemp
harvested on 3 October 2001, and from frost-retted
hemp harvested in the following spring on 22 March
2002. The stalks were dried and stored in un-heated
storehouses.
The reed canary grass used was grown at Ume( ai n
northern Sweden. It was harvested around 20 May 2002,
and the Palaton variety was used. The reed canary grass
was harvested as soon as the moisture content was lower
than about 16% (wb), and then stored in un-heated
storehouses.
2.2. Experimental procedure
The plant material was cut in lengths of about 20cm
and placed on perforated trays. Then, the samples were
dried in an oven at 501C to an initial moisture content
of about 5–7% (db) to ensure adsorption conditions.
The ﬂax samples had an average dry matter weight of
about 30g, the hemp samples of about 40g, and the reed
canary grass samples of about 20g. Each experimental
treatment was in triplicate.
The trays were then placed in climate chambers with
temperatures of 5, 15 and 251C. At 51C, the relative
humidity was increased step by step from 53 to 72% and
ﬁnally to 95%. For the temperatures 15 and 251C, the
relative humidity was increased from 35 to 53% to 72%
and ﬁnally to 90%. The climate chambers were
connected to air conditioning units (e.g. JUMO type
D9 5  820), in which the temperature and relative
humidity were controlled to accuracies of 70 51C and
72 0%, respectively. The units were regularly cali-
brated. The air velocity in the climate chambers was
0 3m/s at maximum.
At each speciﬁc value of temperature and relative
humidity, the samples were weighed using a
Mettler PM4800 electronic balance with a precision of
0 01g. The samples were weighed every second or
third day until the change in sample mass between two
successive readings was about 0 01g or less. When
equilibrium was reached at the highest value of the
relative humidity (90 or 95%), the samples were oven-
dried at 1051C for 24h in order to determine the
moisture contents. Then, the intermediate moisture
contents were back-calculated.
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Table 1
The ﬁve most commonly used three-parameter isotherm
equations for calculation of the equilibrium moisture content
(EMC) of agricultural products (Jayas & Mazza, 1993)
Name Equation
Modiﬁed Henderson MD ¼ (ln(1 HR)/( A(T+C)))
1/B
Modiﬁed
Chung–Pfost
MD ¼ ln( (T+C)ln(HR)/A)/( B)
Modiﬁed Halsey MD ¼ ( e
(A+BT)/lnHR)
1/C
Modiﬁed Oswin MD ¼ (A+BT)/(1/HR 1)
1/C
Modiﬁed GAB MD ¼ (ABHR(C/T))/
((1 BHR)(1 BHR+BHR(C/T)))
MD, moisture content, % (db); HR, relative humidity (decimal); T,
temperature, 1C; A, B, and C constants speciﬁc to each equation.
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The average EMC value of the three replicates was
calculated, and the constants A, B and C in the ﬁve
isotherm equations (Table 1) determined using the non-
linear regression procedure NLIN in the SAS statistical
package (SAS Institute Inc., Cary, NC, USA). This
procedure minimises the sum of residual squares in an
iterative process.
The goodness of ﬁt of each model was assessed by
calculation of the mean relative percentage deviation P
and the root mean square of the residuals or the
standard error of estimate ES
P ¼
100
N
XjY   ^ Yj
Y
(1)
ES ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SðY   ^ YÞ
2
df
s
(2)
where: Y and ^ Y are the measured and predicted
equilibrium moisture contents in % (db); N is the
number of data points; and df the degrees of freedom.
Lower values of P and ES indicate better model ﬁts.
Chen and Morey (1989) showed that low values of P
and ES were not sufﬁcient criteria for evaluating the
goodness of ﬁt of isotherm equations, and recommended
the use of residual plots in addition. Therefore, the
residuals were plotted against measured EMC values
and evaluated visually for randomness or pattern. If the
plots have a clear pattern, the model was not be
accepted (Chen & Morey, 1989).
To evaluate if there were any signiﬁcant differences in
the parameter estimations between varieties and be-
tween degrees of retting for ﬂax and hemp, three further
parameters QA, QB and QC and a control variable D
were introduced into the regression model that was
considered to predict the EMC best. For the parameters
A, B and C, the terms QAD, QBD and QCD were added,
where D was set to 1 for all observations belonging to
one variety or degree of retting, and to 0 for all
observations belonging to another variety or degree of
retting. If the approximate 95% conﬁdence intervals in
the estimations of QA, QB or QC did not contain zero, it
was assumed that there was a signiﬁcant difference in
the estimations of A, B or C.
3. Results
3.1. Flax
The values of the parameters A, B, C and the
corresponding values of P and ES when EMC data for
un-retted and dew-retted ﬂax straw of the variety Viola
were ﬁtted to the ﬁve isotherm equations (Table 1) are
shown in Table 2. For un-retted ﬂax, the modiﬁed
Halsey equation was considered the best at predicting
the EMC because it produced the lowest values of P and
ES;1  28% and 0 27, respectively, and no clear systema-
tic pattern in the residual plot (Fig. 1). For dew-retted
ﬂax, the values of P (2 65%) and ES (0 42) were lowest
with the modiﬁed Oswin equation. The observed EMC
data and the predicted EMC with these equations for
un-retted and dew-retted ﬂax are shown in Figs 2 and 3,
respectively. The EMC values were somewhat higher for
un-retted ﬂax, especially at higher values of the relative
humidity. The EMC values for un-retted ﬂax also had
less variation when the temperature was varied.
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Table 2
Parameters and goodness of ﬁt measures for the isotherm models describing the equilibrium moisture content (EMC) of un-retted and
dew-retted ﬂax of the Viola variety
Constants Mean relative
deviation (P), %
Standard error of
estimate (ES)
ABC
Un-retted ﬂax:
Mod. Henderson 3 38 10
 4 84 81  31 8 67 1 54
Mod. Chung–Pfost 230 1 27 10
 1 71 39  55 1 90
Mod. Halsey 5 11  8 46 10
 3 2 26 1 28 0 27
Mod. Oswin 11 3  4 91 10
 2 2 57 3 15 0 54
Mod. GAB 5 35 8 82 10
 1  656 6 04 1 47
Dew-retted ﬂax:
Mod. Henderson 2 09 10
 4 56 41  65 4 62 0 87
Mod. Chung–Pfost 207 1 74 10
 1 33 54  54 0 85
Mod. Halsey 6 50  1 68 10
 2 2 81 2 92 0 56
Mod. Oswin 11 5  6 84 10
 2 3 20 2 65 0 42
Mod. GAB 7 01 7 69 10
 1 170 6 60 1 29
D. NILSSON ET AL. 38When observed EMC data from the Viola and Elise
varieties were ﬁtted to the Halsey equation, there were
no signiﬁcant differences in the parameters at a
conﬁdence level of 0 95. This result was valid for both
un-retted and dew-retted ﬂax, indicating that the
differences between the varieties were small.
When un-retted Viola ﬂax was compared to retted
and over-retted Viola ﬂax with the Halsey equation,
there were statistically signiﬁcant increases in the value
of A to 6 50 and the value of C to 2 81 in the former
case, and a statistically signiﬁcant increase in the value
of C to 2 41 in the latter case.
3.2. Hemp
The values of the parameters A, B and C for hemp
(Felina) harvested in the autumn (un-retted) and in the
following spring (frost-retted) are presented in Table 3.
The modiﬁed Oswin equation predicted the EMC for
un-retted hemp with the lowest values of P (2 57%) and
ES (0 44), whereas the modiﬁed Chung–Pfost equation
predicted the EMC for frost-retted hemp with the lowest
values of P (2 79%) and ES (0 54). These equations
showed no clear systematic pattern in the residual plots
(Fig. 4). The resulting isotherm curves of these
equations, together with measured data, are shown in
Figs 5 and 6. Similar to ﬂax, the EMC varied less for un-
retted hemp than for frost-retted hemp when the
temperature was changed.
When the Felina and Futura varieties were compared
using the modiﬁed Oswin equation, there was a
statistically signiﬁcant increase in the value of B to
2 12 10
 2 for Futura for un-retted hemp stalks,
whereas there were no signiﬁcant differences between
the varieties for frost-retted hemp stalks. A statistically
signiﬁcant increase in the value of C to 3 37 was
observed when un-retted and frost-retted hemp (Felina)
were compared.
3.3. Reed canary grass
The results from the parameter estimations for spring-
harvested reed canary grass are shown in Table 4. The
values of P and ES for the modiﬁed Halsey equation
were 3 66% and 0 63, respectively, which were some-
what lower than the values for the modiﬁed Oswin
equation. The residual plot is shown in Fig. 7 and
predicted EMC curves and the measured data in Fig. 8.
4. Discussion
The best model for each treatment had an acceptably
close agreement with the measured data, and the highest
values of P and ES were 3 66% and 0 63, respectively,
for spring-harvested reed canary grass with the modiﬁed
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Fig. 1. Residual plots for un-retted ﬂax (Viola) evaluated by the
modiﬁed Halsey model (3) and for dew-retted ﬂax (Viola)
evaluated by the modiﬁed Oswin model (m): EMC, equilibrium
moisture content
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Fig. 2. Adsorption isotherms predicted with the modiﬁed Halsey
equation (solid lines) for un-retted ﬂax straw (Viola) and
measured data at 51C( ), 151C( 3) and 251C( m): EMC,
equilibrium moisture content
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Fig. 3. Adsorption isotherms predicted with the modiﬁed Oswin
equation (solid lines) for dew-retted ﬂax straw (Viola) and
measured data at 51C( ), 151C( 3) and 251C( m): EMC,
equilibrium moisture content
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were no clear systematic patterns, although the relatively
few data made it difﬁcult to draw certain conclusions.
The discrepancies between the varieties were small, and
no statistically signiﬁcant differences in the parameter
estimations were found, except for a difference in the
constant B in Oswin’s equation between the varieties
Felina and Futura for un-retted hemp stalks. Although
the choice of model in these comparisons may have an
impact on the results, it can be concluded that the
varieties studied had very similar EMC characteristics.
In contrast to the variety comparisons, there were
clear differences between un-retted and retted materials,
especially regarding EMC levels at high relative
humidities, and regarding the inﬂuence of temperature
on the EMC. These differences were also conﬁrmed with
statistically signiﬁcant differences in the constant C for
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Table 3
Parameters and goodness of ﬁt measures for the isotherm models describing the equilibrium moisture content (EMC) of un-retted and
frost-retted hemp of the Felina variety
Constants Mean relative
deviation (P), %
Standard error of
estimate (ES)
ABC
Un-retted hemp:
Mod. Henderson 1 44 10
 4 130 1 52 5 24 0 91
Mod. Chung-Pfost 433 1 61 10
 1 108 4 87 0 89
Mod. Halsey 5 74  4 09 10
 3 2 59 3 72 0 61
Mod. Oswin 10 6  2 29 10
 2 2 96 2 57 0 44
Mod. GAB 6 01 8 16 10
 1 571 4 59 0 98
Frost-retted hemp:
Mod. Henderson 1 40 10
 4 78 81  73 3 02 0 60
Mod. Chung–Pfost 293 1 92 10
 1 47 12  79 0 54
Mod. Halsey 6 67  1 21 10
 2 2 95 6 03 0 92
Mod. Oswin 10 8  4 64 10
 2 3 37 4 19 0 68
Mod. GAB 7 04 7 41 10
 1 171 4 02 0 86
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Fig. 4. Residual plots for un-retted hemp (Felina) evaluated by
the modiﬁed Oswin model (3) and for frost-retted hemp (Felina)
evaluated by the modiﬁed Chung–Pfost model (m): EMC,
equilibrium moisture content
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Fig. 5. Adsorption isotherms predicted with the modiﬁed Oswin
equation (solid lines) for un-retted hemp stalks (Felina) and
observed data at 51C(  ), 151C( 3) and 251C( m): EMC,
equilibrium moisture content
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Fig. 6. Adsorption isotherms predicted with the modiﬁed
Chung–Pfost equation (solid lines) for frost-retted hemp stalks
(Felina) and observed data at 51C(  ), 151C( 3) and 251C
(m): EMC, equilibrium moisture content
D. NILSSON ET AL. 40all tests between un-retted and retted materials. The
difference between un-retted and retted material is most
likely a result of changes in plant structure and chemical
composition during the retting process. For example,
the contents of pectins and water-soluble substances are
reduced during retting of ﬂax, whereas the (relative)
content of cellulose is increased (Sharma et al., 1999).
Results from sorption isotherm studies of well-deﬁned
biological materials presented in the literature may
differ considerably due to variations in substrate,
equipment design (choice of salt solutions or air
conditioning units and uniformity of air conditions,
layer thickness, etc.) and handling procedures (Wolf et
al., 1985). For a comparison, however, it can be noted
that the EMCs in this study were similar to those
obtained by Kyma ¨ la ¨ inen and Pasila (2000) when they
determined the EMC for ﬂax and hemp fractions (ﬁbres,
ﬁne shives and coarse shives) at a temperature of 201C
and relative humidities of 15, 76 and 97%. For the air
condition 201C/76%, for example, they found that the
average EMCs for ﬁbres, ﬁne shives and coarse shives
from un-retted ﬂax were 20 2, 16 1 and 14 6% (db),
respectively, while the corresponding value in this study
for whole stems from the Viola variety was 15 8% (db)
(calculated with the Halsey equation).
Kyma ¨ la ¨ inen and Pasila (2000) also found that the
EMC for ﬂax and hemp fractions at relative humidities of
15 and 76% were similar or slightly higher for crops
harvested in the autumn in comparison to crops
harvested in the following spring. At a relative humidity
of 97%, however, they found that the EMC was clearly
higher for un-retted plant material than for frost-retted,
and that the un-retted samples began to lose weight
earlier due to mould growth. These differences in EMC
and the tendency to develop moulds at high values of
relative humidity were also observed in the present study.
Regarding spring-harvested reed canary grass, the
EMC data obtained in the present study were generally
lower in comparison to the adsorption data for wheat
straw obtained by Duggal and Muir (1981), particularly
at a relative humidity around 90%. The results were,
however, similar to those for alfalfa hay (ASAE, 2000).
The modiﬁed Halsey equation was the best at predicting
the EMC of reed canary grass, followed by the modiﬁed
Oswin equation. This was in accordance with the EMC
data published by ASAE (2000), in which these
equations often have good ﬁt to measured data for
ﬁbrous and graminaceous materials.
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Table 4
Parameters and goodness of ﬁt measures for the isotherm models describing the equilibrium moisture content (EMC) of spring-
harvested reed canary grass of the Palaton variety
Constants Mean relative
deviation (P), %
Standard error of
estimate (ES)
ABC
Mod. Henderson 3 73 10
 4 28 91  59 6 37 1 27
Mod. Chung–Pfost 122 1 61 10
 1 15 98  01 1 62
Mod. Halsey 6 63  3 21 10
 2 2 72 3 66 0 63
Mod. Oswin 12 9  1 33 10
 1 3 09 4 08 0 68
Mod. GAB 8 50 7 44 10
 1 75 31 1  08 2 28
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Fig. 7. Residual plots for spring-harvested reed canary grass
(Palaton) evaluated by the modiﬁed Halsey model: EMC,
equilibrium moisture content
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Fig. 8. Adsorption isotherms predicted with the modiﬁed Halsey
equation (solid lines) for spring-harvested reed canary grass
(Palaton) and observed data at 51C( ), 151C( 3) and 251C
(m): EMC, equilibrium moisture content
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equilibrium as it was deﬁned in Section 2.2. As pointed
out by Banaszek and Siebenmorgen (1990a), the
adsorption rate is dependent on both the temperature
and the relative humidity. For rough rice, the adsorp-
tion rate was found to be higher for higher tempera-
tures, at least in the earlier stages, and was twice as high
at 90% relative humidity than at 70% relative humidity.
In this study, 60–90% of the increase in weight of the
samples occurred during the two ﬁrst days when the air
conditions were 51C/53%. The lowest values in the
interval were valid for un-retted plant material, and the
highest for retted material. When the air conditions were
251C/53%, 90–100% of the increase in weight occurred
during the ﬁrst two days.
The samples in this study were dried before they were
placed in the climate chamber in order to ensure
adsorption conditions also for the lowest EMCs at
251C/35%. There is a risk, however, for drying to low
moisture contents to cause irreversible changes in the
material. For rough rice, Banaszek and Siebenmorgen
(1990a and 1990b) showed that the adsorption EMC
was dependent on not only the temperature and the
relative humidity, but also on the initial moisture
content. Lower initial moisture contents resulted in
lower EMCs, and this relative change in EMC with
respect to a change in the initial moisture content
seemed to be independent of the temperature and
relative humidity combinations used in their study.
Yang and Cenkowski (1993) also showed that successive
adsorption–desorption cycles at a temperature of, e.g.
251C shift the isotherms downward for canola. A
downward shift of the isotherm means that the relative
humidity is increased for the same EMC, which may
result in a higher susceptibility to microbial growth.
Such adsorption–desorption effects may also be valid
for the ﬁbre crops investigated in this study when they
are exposed to multiple drying and rewetting cycles in
the swathes before harvest.
5. Conclusions
The equilibrium moisture contents (EMCs) of un-
retted and dew-retted ﬂax straw, un-retted and frost-
retted hemp stalks and spring-harvested reed canary
grass were determined and ﬁtted to ﬁve commonly used
three-parameter EMC equations. The modiﬁed Halsey
equation was the best for predicting the EMC for un-
retted ﬂax straw and for spring-harvested reed canary
grass, and the modiﬁed Oswin equation for dew-retted
ﬂax straw and for un-retted hemp stalks, while the
modiﬁed Chung–Pfost equation was best suited for
frost-retted hemp. For ﬂax and hemp, there were
statistically signiﬁcant differences between un-retted
and retted plant material, whereas the differences
between varieties were small.
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Running title: Hemp fibers reinforce wheat gluten plasticsAbstract
The next generation of plastics and other materials must be sustainable and industrially eco-
efficient, developed through green chemistry. Some of the most promising plastic materials from 
the green sector are created from wheat gluten. By reinforcing these gluten plastics, mechanical 
properties might be improved, enabling usage in a wider range of applications. The present study 
investigates the possibilities of reinforcing wheat gluten plastics with hemp fibers. 
Hemp fiber-reinforced gluten plastic samples were manufactured using compression moulding at a 
temperature of 130 °C, with an applied pressure of 1600 bar for 5 minutes. The fiber content was 5, 
10, 15 and 20 weight-% and three different fiber qualities (poor, standard, good) were tested. 
The effect of fiber length, content and quality on mechanical properties was examined using tensile 
testing, light microscopy and scanning electron microscopy.
The results showed that hemp fiber reinforcement influenced tensile strength and strain, as well as E 
modulus of the material. The amount of fiber included in the material showed a significant positive 
correlation with strength and E modulus, and a negative correlation with strain. Quality of the hemp 
fibers did not play any significant role for strength and strain, but the E modulus was significantly 
and positively correlated with hemp fiber quality. However, the reinforced gluten material generally 
showed very uneven tensile strength and strain characteristics within the material due to clustering 
of the fibers and to poor bonding between fibers and gluten material. Both these problems have to 
be resolved before reinforcement of gluten plastics by industrial hemp fibers is applicable on an 
industrial scale. 
Keywords: composite materials, hemp, plastics, renewable raw materials, wheat glutenIntroduction 
There is currently worldwide interest in high performance bio-based plastics and composite 
materials due to increasing demands for environmentally friendly materials for industrial use [19] 
and to the depletion of petroleum resources.  
Wheat gluten-based bioplastics are an interesting alternative to traditional synthetic plastics in 
various applications due to their combination of mechanical, oxygen barrier and film-forming 
properties [1], [3], [14]. Wheat gluten plastic material can be manufactured using several processing 
methods, including extrusion, compression moulding and solution casting [17]. Compression 
moulding and extrusion are commercially more interesting due to faster processing times. During 
compression moulding, high temperature, plasticiser content and type, pH, processing time and 
shear rate all influence the mechanical properties due to their importance for protein polymerisation 
[16], [15]. Sulphydryl from the amino acid cysteine is responsible for creating disulphide cross-
links during oxidation. The reorganisation of the intramolecular disulphide bonds into 
intermolecular disulphide bonds is an important part of the aggregation process [13], [2]. The upper 
temperature limit of the processing window is determined by depolymerisation together with 
overextensive aggregation [4]. 
One possibility for expanding the potential areas of application for bio-based plastics is to add 
additional mechanical properties, such as tensile and impact strength, to the material, e.g. by 
reinforcement with bio-fibers. Plants containing fibers of interest for the manufacture of 
engineering materials include flax, hemp, jute, coconut and nettles [11]. The main advantages of 
using plant fiber are renewability, high strength and elastic modulus, low density, non-abrasiveness 
and biodegradability [6]. Engineered wood and lignocellulosic composite technologies can lead to 
considerable addition of value to a diverse number of raw materials. The development of industrial 
composite processing technology will also automatically provide producers with the possibility to 
adapt to the constantly changing qualities of raw materials. At present, the level of performance of 
engineered composite products limits the application of such materials [19]. The use of plant fibers to reinforce plastics has been investigated in quite a number of studies (e.g. 
[11]). However, the use of plant fibers for reinforcement of bioplastics is still relatively uncommon 
and primarily uses different types of plant fibers in soy-based bioplastics [10], [12]. One very recent 
study investigated the possibilities of using natural fibers to reinforce plasticised wheat gluten [8]. 
The use of natural fibers for reinforcement of plastics is influenced by a number of factors including 
plant variety, climate variations, harvest times, maturity, retting, methods of decortication and other 
technical processes [5]. All these variables combine to create one of the main drawbacks 
encountered when trying to design new materials based on plant fibers, namely the large variation 
in fiber properties such as tensile strength and surface geometry [6]. This variation exists among 
fibers from plants grown in the same plot, and even within groups of fibers from the same plant [7]. 
The general advantages of using plant fiber include renewability, high strength and elastic modulus, 
low density, non-abrasiveness and biodegradability.
The main aim of the present study was to investigate the possibility of using industrial hemp fibers 
to reinforce wheat gluten plastics manufactured by compression moulding. An additional aim was 
to study the influence of the amount of fiber added and the quality of the fiber on tensile strength, 
strain and E modulus. Furthermore, fiber distribution and fracture surfaces were investigated using 
stereomicroscopy and scanning electron microscopy (SEM).  
Materials and Methods 
Materials 
Wheat gluten (WG) powder was supplied by Reppe AB, Lidköping, Sweden. The powder consisted 
of 84.8 wt% wheat gluten proteins, 8.1 wt% wheat starch, 5 wt% water, 1.34 wt% fat and 0.76 wt% 
ash. Glycerol with a concentration of at least 99.5 wt% and a water content of less than 0.5 wt %, 
was supplied by Karlshamns Tefac AB, Karlshamn, Sweden. Three different types of industrial hemp fibers were selected in order to provide three distinct 
quality levels: 
x Hemp fiber type 1 – poor quality: Unretted hemp stalks, harvested by forage harvester, were 
partially dried in plastic tubs with fans placed underneath the hemp material. The resulting 
fiber was heavily retted and designated ‘poor’ quality. 
x Hemp fiber type 2 – standard quality: Unretted hemp stalks, harvested by forage harvester, 
were processed through a hammer mill with sieve size 50 mm (Kamas Industri AB, Sweden) 
and then through a step cleaner (Hergeth Gmbh, Germany) to remove larger size shives. The 
resulting fiber type was designated ‘standard’ quality. 
x Hemp fiber type 3 – good quality: Unretted hemp stalks, harvested by forage harvester, were 
processed through a hammer mill (Kamas Industri AB) without any sieve installed and then 
through a step cleaner (Hergeth Gmbh, Germany) to remove large and small shives. Because 
no sieve was used, the fiber passed quickly through the mill, resulting in less fiber damage. 
The resulting fiber type was designated ‘good’ quality. 
Sample preparation for compression moulding 
Dough was prepared by mixing gluten and glycerol to a content of 30 wt% (given as the mass of 
glycerol per total weight of glycerol and WG). Each blend was mortared for five minutes using a 
Mortar Agate from VWR International. When the dough was assessed as being homogeneous, 
hemp fiber of the desired type and amount was added. For the initial tests, 5, 10 and 15% of poor, standard and good quality hemp fiber were added to 
form separate samples of hemp fiber-reinforced gluten plastics. The samples were compression 
moulded directly after addition of the hemp fibers, following the methodology described below. 
During these initial tests, it was found that the fibers were too long, resulting in poor fiber 
distribution throughout the plastic.
For all subsequent samples, shorter fibers were used. These were prepared by removing any woody 
substances manually and then processing the fibers in a high speed grinder (model A10, IKA-
WERKE, Staufen, Germany) for 2 x 10 seconds, resulting in very short fibers to facilitate a more 
uniform distribution through the plastic material. The gluten dough together with the desired 
amount (5, 10, 15 and 20%) of short industrial hemp fibers were added to an electrical blender 
(Waring Commercial, USA) and mixed until an even blend of dough and fibers was achieved.  
Compression moulding 
Compression moulded films were processed using a PHI press (Pasadena Hydraulics Inc, 
California, USA). Portions of 10 g of dough were placed in an aluminium frame between Mylar 
foils, which in turn were placed between metal plates. The frame was used to obtain square films 
with sides of 100 mm length and a thickness of 0.5 mm. The moulding temperature was 130 °C, and 
the pressure was set to 100 bar, which gave an applied pressure of 1600 bar. The moulding time 
was 5 min. After moulding, the plates were removed from the press and the films were allowed to 
cool to ambient temperature. The Mylar foils were then removed and the films were separated from 
the frame using a scalpel. Sample thickness measurements 
The thickness of each sample was measured using a Mitutoyo IDC-112B micrometer (Mitutoyo 
Scandinavia AB) in accordance with SCAN-P 7:96 at 23 °C and 50% relative humidity (RH), at a 
static pressure of 100 kPa.
Tensile testing 
A Zwick Z010 tensile strength tester (ZwickRoell) equipped with a 10 kN load cell controlled by a 
testXpert 7.1 (Lambda Instruments AB) was used to determine the mechanical properties of the 
samples. The measurements were performed according to ISO 527-3:1995(E). Dumbbell-shaped 
specimens were punched out with a narrow width of 4 mm and conditioned for three days at 23 °C 
at 50% RH before testing. A crosshead speed of 100 mm/min and an initial grip distance of 40 mm 
were used. Fifteen replicates of each sample were tested. 
Light microscopy (LM) 
Samples from each treatment were studied by stereo light microscopy with a digital camera Leica 
DC 300 (Leica Microscopy Systems Ltd, Cambridge, UK) in order to evaluate the fiber distribution 
throughout the plastic. Nine images were taken for each sample in order to cover the entire sample 
area.
Scanning electron microscopy (SEM) 
An LEO 435VP scanning electron microscope (Cambridge, UK) with a secondary electron detector 
at acceleration voltage of 10 kV was used to study the fiber raw material and the finished plastic material. The native samples were mounted on the stubs and sputtered with an Au/Pd 3:2 coating 
(JFC-1100, JEOL, Tokyo, Japan).
Images were taken of the fiber raw material to categorise it into one of the three quality types by 
observing the state of the fiber bundle surfaces.  
Plastics samples of the specific treatment that showed the biggest variation in E modulus during 
tensile testing were chosen for further SEM analyses. The fracture surface of samples from this 
treatment was compared with that of another almost similar treatment that exhibited a much smaller 
variation in E modulus, the only difference being the fiber quality. The surface of the samples in the 
area of the actual fracture was observed in order to study the fiber fracture and distribution. 
Statistical analysis 
Statistical analyses were carried out using the SAS software package for Microsoft Windows 
(SAS Institute Inc, NC, USA). Analyses of variance (ANOVA) was carried out, followed by 
calculation of means for the different treatments with significance determined using LSD (0.05).  
Results
fiber quality 
The good quality fibers showed thick fiber bundles with relatively clean and only mildly damaged 
fiber surfaces when studied using SEM (Fig. 1a). The poor quality fibers sustained a larger degree 
of surface damage and fiber degradation, with thinner fiber bundles (Fig. 1b). The standard quality 
fibers were relatively undamaged and clean, with a mixture of thinner and thicker fiber bundles. 
Films with long fibers The compression moulded films containing the long fibers were very non-homogeneous, regardless 
of amount and quality of fiber, and the fibers were very unevenly distributed within the material. 
fibers tended to be lumped together in bundles (results not shown). As the results were not 
satisfactory, although promising, further work including tensile testing was carried out on samples 
to which short fibers were added. 
Films with short fibers 
When the fibers added were short instead of long, they were much better distributed throughout the 
gluten matrix. However, the fibers were still somewhat unevenly distributed in the gluten matrix 
and were clustered together in bundles (Fig. 2a and 2b). The fibers had a random orientation in the 
matrix. Some contaminating plant tissue was also seen. No clear difference in the behaviour of the 
different fibere qualities in the gluten film was seen by light microscopy. 
Tensile testing of short hemp fiber-reinforced gluten plastics 
Tensile strength and E modulus of the short hemp fiber-reinforced gluten plastic samples varied in 
relation to hemp fiber content and quality (Table 1). However, standard deviations for measured 
parameters were large due to the uneven distribution of fibers in the materials (Table 1). 
ANOVA analysis showed significant influences of treatments (content and quality of short hemp 
fibers in the gluten plastics) on tensile test parameters such as stress, strain and E modulus (Table 
2). Gluten plastics without any hemp fiber added were found to have low tensile strength 
(maximum stress and stress at fracture), while the strain (strain at maximum stress and strain at 
fracture) was high. The E modulus was also found to be low. With increasing content of short hemp 
fibers tensile strength and E modulus were found to increase, while strain decreased (Table 3). No significant influences of fiber quality on tensile strength or stress were found. However, E modulus 
was found to increase with improved fiber quality (Table 4).  
Fracture surfaces of short industrial hemp fiber-reinforced gluten plastics 
The fracture surface of gluten film without fiber reinforcement was very uniform (Fig. 3) and the 
gluten film tended to break in a sheet-like manner, similarly to proteins in the starchy endosperm of 
dehydrated cereal grains. Samples from the treatment with 15% good quality fiber were chosen for 
SEM analyses as this was one of the samples with most variation in tensile strength measurements. 
The fracture surfaces of these samples was compared with the fracture surface of samples of the 
treatment with 15% poor quality fiber, which was one of the most even treatments in terms of 
variation in tensile testing measurements. The SEM images showed that the fibers were unevenly 
distributed throughout the material (Fig. 4), as was found by light microscopy (Fig. 2). Fig. 4a 
shows uneven fracture surfaces in films with good quality fibers, while Fig. 4b the corresponding 
fracture surfaces for poor quality fibers. In both cases, fracturing seemed to have started around 
areas where the fibers were clustered and where air pockets had started to form, and the fibers were 
protruding from the matrix. The more even fracture surfaces (Fig. 4b and d) show clearly that gluten 
film had broken in a sheet-like manner, as in Fig. 3. Fewer fibers were protruding from the matrix 
than in the uneven fracture surfaces, but there were still air pockets near the clustered fibers. When 
the protruding ends of fibers were examined more closely, it was seen that the fibers had been 
pulled out of the gluten plastic matrix, rather than breaking during tensile testing (Fig. 5). The 
typical blunt end of pulled-out fiber bundles shown in Fig. 5a suggests that this is a surface formed 
during milling of the fibers. For comparison, Fig. 5b shows the only fiber end we could find in the 
material screened where the fiber appeared to have actually broken during tensile testing, as shown 
by the serrated edges of the fiber bundle.Discussion
The present study confirmed the finding by [8] that it is possible to use industrial hemp fibers to 
reinforce wheat gluten plastics. In contrast to [8], both long and short industrial hemp fibers were 
tested in the present investigation, and short ones were found to give a better distribution of fibers 
in the gluten matrix. The advantage of using short industrial hemp fibers instead of long has also 
been pointed out by other authors, e.g. [12] for reinforcing soy protein plastics.
Tensile strength and E modulus of wheat gluten plastics were increased by reinforcement with 
hemp fibers, as was also found by [8]. Addition of natural fibers has also been found to increase the 
tensile properties of a range of other materials (e.g. [12], [11]; [10], [9]). In other studies, natural 
fibers have been shown to compare favourably with glass fibers, and hemp fibers have been shown 
to out-perform e.g. kenaf fibers [18]. As in other investigations [10], fiber content in the present 
study had a significant effect on tensile strength, with an increase in fiber content resulting in a 
stronger and stiffer material. Contrary to previous results [10], our investigation did not show a 
negative influence of increasing fiber content on fiber dispersion. The reason might be the different 
plastic and fiber materials used in the studies, soy protein and pineapple leaf fibers in that by [10] 
compared with gluten proteins and hemp fibers in our study. If a stronger gluten protein material 
with higher stiffness is required, it is therefore desirable to include as much short industrial hemp 
fiber reinforcement as possible.  
Although the short industrial hemp fibers were better distributed in the gluten matrix than the long 
ones, a relatively high standard deviation was still found during the tensile testing and this was most 
likely caused by an uneven distribution of the fibers throughout the plastic. The fibers showed a 
tendency to cluster together during the mixing process and this caused weaker, unreinforced zones in the material, as could be seen clearly by both light microscopy and SEM. Uneven distribution of 
natural fibers in plastic matrices has also been reported in previous studies [10], [9]. Several reasons 
for this were identified in the present investigation. First, the blender used for this experiment 
caused part of the plastic mix to stick to the walls of the glass container while the hemp fibers 
tended to collect at the bottom of the container, where the rotating blade was located. One possible 
way of achieving a better distribution of fibers in the gluten matrix would therefore be to find a 
better method of blending the fibers together with the plastic dough, e.g. by using a high 
performance mixer. Another possibility is the addition of substances that increase the viscosity of 
the plastic dough. 
The present investigation showed limited influences of fiber quality on tensile strength properties, 
with significant effects only being recorded for E modulus. To our knowledge, there are few 
previous investigations on the relationships between fiber quality and tensile strength properties of 
natural fibers. The only published study investigating the possibility of reinforcing gluten plastics 
with industrial hemp fibers does not compare quality of the hemp fibers and relationships to tensile 
properties [8].
The limited effect of fiber quality on tensile strength properties was probably due to the poor 
bonding between fibers and plastic observed in the present study. This poor bonding was visible as 
a pull effect, where the fibers did not fracture during tensile testing. Air pockets were also observed 
around clustered fibers, again suggesting poor bonding between the fibers and the matrix. Because 
the wheat gluten plastic itself was much weaker than even the lower quality fibers, no effects of 
fiber quality could be detected during tensile testing. If a stronger bonding had been achieved 
between the fibers and the plastic, the different fiber qualities might have had a more dramatic 
effect. Poor bonding between natural fibers and plastic materials has also been reported by other 
authors [10], [9]. Different solutions have been suggested, e.g. addition of alkali solutions to decrease the interfibrillar region by removing the hemicellulose and lignin [9]. Other suggested 
solutions are additions of compatibilisers such as polyester amide grafted glycidyl methacrylate 
[10]. Treatment of Indian grass fibers with alkali solution has been shown to lead to a more 
homogeneous dispersion of fibers in plastics and also to an improvement in fiber reinforcement 
efficiency [9], while addition of compatibiliser to soy-based bioplastic reinforced with pineapple 
leaf fibers led to increased tensile and flexibility properties and impact strength, as well as better 
dispersion of the fibers [10].  For better and more even distribution of short industrial hemp fibers 
within gluten protein plastics, a method is needed in which a cross-linking agent can be added to 
help create hydrogen bonds to both the fibers and the plastic. 
Conclusions
Short industrial hemp fibers are a good solution for reinforcement of gluten plastics, creating a 
strong, stiff and sustainable eco-efficient material for the automotive and building product industry. 
Before the material can be used, however, problems with uneven distribution of hemp fibers and 
poor bonding between fibers and the matrix in the material have to be resolved. Possible solutions 
for a better distribution of fibers in the material include use of a better mixer, increased viscosity of 
the plastic dough and/or additions of cross-linking substances for creating linkages between fibers 
and the dough. 
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Figure 2. Light microscopy images showing gluten films reinforced with short hemp fibers of 
a) good and b) poor quality. 
Figure 3. SEM image showing gluten plastic film without fiber reinforcement. Scale bar 100 
µm. 
Figure 4. SEM images showing fracture surfaces of gluten film reinforced with short hemp 
fibers of a) good quality fibers and uneven fracture surface, b) good quality fibers and more 
even fracture surface, c) poor quality fibers and uneven fracture surface, and d) poor quality 
fibers and even surface. Scale bar 100 µm. 
Figure 5. SEM images showing magnification of pulled-out fibers from a fracture surface, a) 
typical blunt-end fiber and b) more rare broken fiber with serrated edges. Scale bar 3µm. 
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containing different fiber amounts and qualities. N=15. Standard deviation is shown within 
parenthesis.
Treatment E-modulus (MPa)
Strain at fracture 
(%)
Wheat gluten  23.8 (7.1)  149.2 (15.6) 
5 % fiber, poor  40.6 (13.2)  42.0 (15.7) 
10 % fiber, poor  84.2 (53.1)  21.6 (9.7) 
15 % fiber, poor  108.9 (59.0)  12.6 (4.2) 
20 % fiber, poor  141.9 (52.8)  10.2 (2.3) 
5 % fiber, average  45.6 (18.5)  37.3 (14.9) 
10 % fiber, average  88.1 (56.4)  18.3 (8.4) 
15 % fiber, average  113.2 (65.0)  12.8 (3.9) 
20 % fiber, average  228.9 (116.1)  9.2 (4.1) 
5 % fiber, good  41.4 (14.3)  45.9 (17.4) 
10 % fiber, good  82.0 (41.3)  21.7 (12.9) 
15 % fiber, good  143.1 (145.5)  15.8 (9.1) 
20 % fiber, good  227.1 (93.5)  8.6 (2.2) Table 2: Mean squares from analyses of variance (ANOVA) of treatments (content and  
quality of short industrial hemp fibres in reinforced gluten plastics) on tensile test parameters 
Source DF Maximum  
stress
Strain at 
maximum
stress
Stress at
fracture 
Strain at 
fracture 
E-modulus
Treatment 12 13.9*** 21.7*** 5.0*** 21.2*** 65.9***
Error 182 1.8 0.1 1.3 0.1 4.8
*** indicate significant differences were found. 
Table 3: Mean values of tensile strength measurements at different fiber content.  
Fiber
content
Maximum stress  Strain at 
maximum stress 
Stress at 
fracture 
Strain at 
fracture 
E-modulus
0% 2.6cd  147.3a  2.5bcd  149.2a  23.7d 
5% 2.3d  35.9b  1.9d  41.5b  42.5d 
10% 3.3c  13.8c  2.5c  20.5c 84.8c 
15% 4.1b  10.0d  2.9ab  13.7d 12.8b 
20% 4.7a  6.1d  3.3a  9.3e  199.3a 
Means with the same letters within a column do not differ significantly (LSD 0.05). 
Tensile values are given in MPa. 
Table 4: Mean values of tensile strength measurements at different fiber quality. 
Fiber quality  Maximum stress  Strain at 
maximum stress 
Stress at 
fracture 
Strain at 
fracture 
E-modulus
Bad 3.5a  16.8a  2.6a  21.6b  94.0b 
Average 3.8a  15.3a  2.9a 19.3a  118.9ab 
Good 3.5a  18.0a  2.6a  22.9b  123.4a 
Means with the same letters within a column do not differ significantly (LSD 0.05). 
Tensile values are given in MPa. 